Abstract -Many developing nations are situated in zones of high seismicity where earthquakes can lead to widespread property loss and loss of life. Similar-sized earthquakes are not nearly as devastating in developed nations because of access to stateof-practice engineering methods. Earthquake engineering to reduce property loss and loss of life includes geotechnical engineering to predict likely amounts of ground shaking. Herein, a simple geotechnical approach was implemented in four cities in northern Haiti, including Port-de-Paix, Cap-Haitien, Fort Liberte, and Ouanaminthe based. The approach was based on the use of a simple geophysical technique and the application of International Building Code criteria to calculate design levels of ground shaking. The Spectral-Analysisof-Surface-Waves (SASW) method is a geophysical technique that was employed in the four test cities during a five-day test period utilizing three workers and a backpack full of equipment. As a result of this investigation, microzonation maps depicting design ground surface shaking parameters were rapidly and inexpensively developed, which can be used by structural engineers for guidance in designing earthquake-resistant structures. This method can be easily deployed in other developing nations to provide these populations with nearly the same level of knowledge and protection against earthquakes that is realized in developed nations.
INTRODUCTION
The Caribbean island of Hispaniola includes the countries of Haiti on the west and the Dominican Republic on the east (Fig. 1) . The island sits on the boundary of the Caribbean and North American tectonic plates (Fig. 2) . The Caribbean Plate is moving eastward relative to the North American Plate at a rate of approximately 20 mm/yr. 1 The Caribbean Plate subducts beneath the North American plate east of Hispaniola, where the plate boundary is marked by a subduction zone and a chain of volcanic islands. The northern border of the Caribbean Plate is delineated by two left-lateral transform fault zones coincident with the northern and southern borders of Haiti. These fault zones are designated as the Septentrional-Oriente and Enriquilllo-Geology in northern Haiti is a mélange of upper Mesozoic and Cenozoic sedimentary rocks in the west with some igneous rocks in the east near Ouanaminthe. Geologic structure is highly faulted and complex due to the extensive tectonic activity. The rugged and unique topographic nature of Haiti is attributed to movement along these faults. In this regard, the tectonic setting of Haiti is similar to that of California where surface geology and seismicity are dominated by a large transform fault (the San Andreas Fault) that delineates the boundary between two tectonic plates. The presence of relatively young rocks also contributes to the high rate of attenuation of seismic waves within the country and attenuation rates in Haiti are similar to those found in California.
The M7.0 January 2010 Port-au-Prince Earthquake occurred as a result of movement along Enriquillo-Plantain Garden Fault Zone. This earthquake occurred on January 12 with an epicenter near the city of Leogane and a focal depth of approximately 13 km (Fig. 2) . As a result of this earthquake, approximately 200,000 people were killed. Although this was a large earthquake, it had minimal impact on northern Haiti due to the relatively soft nature of the rocks and high attenuation rate.
The Septentrional-Oriente Fault Zone passes very close to the cities of Cap Haitien, Ft. Liberte, Port de Paix, and Ouanaminthe. This fault is considered to be a significant contributor to historical seismicity within the region, including the 1842 M8.1 Cap Haitien Earthquake (Fig.  2) . The earthquake occurred on May 7 and led to approximately 5,000 deaths. Given the history of this fault and its tectonic setting, there is significant potential for future strong ground motion and widespread death and destruction, with an estimated recurrence interval of 1,000 years for M8.5 earthquakes. Given the potential for large earthquakes with M8.0 or greater, there is also a significant tsunami hazard, as was evident in 1842 when the Cap Haitien Earthquake was accompanied by a destructive tsunami.
A probabilistic seismic hazard assessment has been performed by the United States Geological Survey 2,3 to predict levels of bedrock shaking corresponding to a 2% probability of exceedance within a 50-year exposure period (i.e. a return period of 2,475 years) in Haiti. Seismic hazard maps for Haiti are shown in Figs. 3 and 4 for 0.2-s bedrock spectral acceleration (S s ) and 1.0-s bedrock spectral acceleration (S 1 ). In order to predict ground surface shaking, bedrock shaking levels such as those depicted in Figs. 3 and 4 are combined with knowledge of the near-surface soil stiffness to perform a seismic site response analysis. As a result of a seismic site response analysis, ground surface spectral shaking levels are calculated. Bertil et al. 4 recently reported results for such a study in Cap Haitien where soil stiffness was measured at various locations in the city and site response analyses were performed to generate a microzonation map of expected levels of shaking within the city. However, published maps and data for Port de Paix, Ft. Liberte, and Ouanaminthe are not available.
Herein, a study was performed to develop microzonation maps depicting design levels of ground shaking for the cities of Cap Haitien, Port de Paix, Ft. Liberte, and Ouanaminthe. Geophysical surface wave testing was performed to measure shear wave velocity profiles. For this study, shear wave velocity was determined using the Spectral-Analysis-of-Surface-Waves (SASW) method. This is an older alternative to newer surface wave methods such as the MASW, ReMi and H/V methods that is attractive in this case due to its speed and the need for minimal equipment on the ground. The SASW method was recently used in Leogane for a similar project. Seismic site class is determined in terms of shear wave velocity, and is used to calculate ground surface design levels of ground shaking according to the International Building Code (IBC). Seismic site class is a relative description of the stiffness of the soil or rock column within 30 m (100 ft) of the ground surface. Seismic site class ranges from A to F as described in Table 1 . In this classification, v s ' is the average shear wave velocity of the upper 30 m (100 ft) of the soil or rock column.
Previous research on seismicity in northern Haiti includes the United States Geological Survey (USGS) study to assess the probability of bedrock shaking across the island. In this study, maps depicting Maximum Considered Earthquake (MCE) spectral acceleration levels corresponding to 0.2-and 1.0-second periods (S s and S 1 ) corresponding to a 2% probability of occurrence within a 50-year exposure period are presented (Figs. 3 and 4) . These values represent expected levels of bedrock shaking and are used to calculate ground surface design ground acceleration in accordance with the International Building Code (IBC) as described in ASCE 7-10. 6 To calculate ground shaking, the bedrock MCE spectral values are multiplied by acceleration and velocity coefficients F a and F v per ASCE 7-10 to account for the stiffness of the soil profile, and then further reduced by a factor of 2/3 to convert MCE ground surface values to design ground surface spectral values S Ds and S D1 . 
TESTING PROGRAM AND METHODS
Geophysical testing was performed on December 9-13 in Cap Haitien, Port de Paix, Ft. Liberte, and Ouanaminthe ( Fig. 1) . A total of 65 test locations were initially identified. These locations were selected prior to testing. Locations corresponding to schools, churches, parks, and sports fields were selected due to the need for large, open spaces for testing. Private sites were avoided to minimize conflict with respect to access, and sites were selected to represent a cross-section of different soil types and soil stiffness. Of these 65 test points, testing was successfully completed at 56 sites as indicated in Table 2 . Obstacles to successful data acquisition included inaccessible sites, denial of permission to test, and occasional instances of poor data quality due to noisy conditions. Coordinate information was obtained by GPS for test points were geophysical data were successfully acquired.
The Spectral-Analysis-of-Surface-Waves (SASW) method was used to perform geophysical seismic surface wave testing. The SASW method is a simple method to develop soundings of shear wave velocity versus depth for seismic site response analysis. 7 The SASW method involves the use of an impulsive seismic energy source (typically a sledge hammer) and a pair of receivers (either geophones or accelerometers) spaced an equal distance apart in a straight line as shown in Fig. 5 . When the ground is impacted, surface waves are generated. As they pass the two receivers, the energy recorded at each receiver is analyzed for spectral content. Differences in phase between the two receivers are calculated at each frequency, and this information is used to calculate variations in surface wave velocity with wavelength in the form of a dispersion curve. Since shorter-wavelength velocities only depend on shallow material and longerwavelength velocities depend upon deeper material, variations in velocity with wavelength are indicative of variations in shear wave velocity (v s ) with depth. Through the process of forward modeling or numerical inversion, the v s profile (v s as a function of depth) is derived. The v s profile is required for calculating seismic site response and quantifying ground surface acceleration for seismic design. The SASW method is a non-intrusive surface geophysical method. This eliminates the need for boreholes, which greatly facilitates acquisition of shear wave velocity data. The SASW method is a proven method that has been used successfully worldwide since the 1980s. It predates newer surface wave methods such as the Multichannel-Analysis-of-Surface Waves (MASW) method 8 and the Refraction Microtremor (ReMi) method 9 , but requires less field equipment. This advantage reduces cost and facilitates data acquisition in circumstances such as those found in Haiti where field activities involving the use of large amounts of expensive field equipment can draw negative attention from the public.
SASW testing was acquired using a geophone array with a 12.2-m (40.0-ft) spacing with a Data Physics Quattro dynamic signal analyzer (Fig. 6 ). Surface wave dispersion curves were derived and inverted using the WinSASW forward modeling software package developed at the University of Texas.
10 Seismic site class was determined according to ASCE 7-10. Short-and long-period MCE spectral acceleration were determined based on GPS location using the USGS database. Using this information, ground surface design spectral acceleration values were determined. These parameters are also included in Table 2 .
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RESULTS
Typical examples of field data acquired in northern Haiti are depicted in Fig. 7 . The resulting values for v s ' determined from analysis of the field surface wave data were converted into seismic site class and contoured for each of the four cities as depicted in Figs. 8-11 . For Cap Haitien (Fig. 8) , site classes from B to D were measured. Site Class B was found in higher elevations northwest of the city, while site class C was found at lower elevations and to the east of town. Site Class D was the softest classification found in Cap Haitien, and was found in the lowest lying area along the river. The shape of the site class map for Cap Haitien is consistent with results reported by Bertil et al. 4 but the shear wave velocities reported herein are higher than those reported by Bertil et al. In the Bertil et al. 4 research, site class E was reported for most of the lower-lying areas of Cap Haitien. Site class E is generally associated with deep deposits of soft soil. However, this section of Cap Haitien contains rock outcrops such as the outcrop a few hundred yards northwest of the airport terminal, which suggests that bedrock is relatively shallow. Seismic site class E is relatively uncommon and is generally restricted to areas with rapid deposition such as the deltas and estuaries of larger rivers. In the microzonation study performed by Cox et al. 11 for Port au Prince, there were no site class E locations identified, and the softest site class identified was site class D. Bertil et al. 4 based their site classifications for Cap Haitien in part on low observed SPT blow counts, but the correlation between blow count and shear wave velocity contains a large amount of statistical variability, so it is reasonable that sites with blow counts low enough to be classified as site class E could be classified as site class D based on shear wave velocity. Herein, the low-lying areas of Cap Haitien are classified as site class D based on seismic velocity, but may be classified as site class E or F if large amounts of soft clay are present or if soils are found to be liquefiable. In such cases, design levels of ground surface shaking may be higher than those presented herein. throughout the city because of its inland location which is typically accompanied by a lack of soft soil deposits.
Short-period and long-period ground surface design spectral acceleration values S DS and S D1 were calculated using the site class and MCE bedrock shaking levels presented in Table 2 . The resulting values are also included in Table 2 and presented in the contour maps depicted in Figs. 12-18. A map of S DS for Ft. Liberte is not included herein because calculated values for S DS were 0.97 g throughout the city. For the other three cities, values of S DS mirrored values of shortperiod MCE bedrock spectral acceleration (S S ) reported by the USGS, which indicates that soil conditions have a minimal effect on short-period (0.2-s) spectral acceleration at the ground surface. Values of S D1 , on the other hand, mirrored the site class maps depicted in Figs. 8-11 , which indicates that soil conditions play a more important role in predicting long-period (1.0-s) spectral acceleration at the ground surface. 
CONCLUSIONS
Herein, results of a five-day field study to estimate the stiffness of near-surface soil and rock and develop microzonation maps of ground shaking at four earthquake-prone cities in northern Haiti are presented. The resulting microzonation maps of seismic site class and spectral ground surface acceleration will be useful to structural engineers to design structures that are relatively resistant to earthquakes using state-of-practice IBC methods. These maps are not as detailed as the microzonation maps typically generated in developed countries. In these instances, larger databases of available geophysical data are incorporated with geotechnical soil boring information and geological maps, and these databases can easily be supplemented by acquiring new data as needed. In developing nations, access to data, expertise, and funds to acquire the data and develop microzonation maps are limited. Nevertheless, the approach presented herein allows for the generation of maps that can be used to reduce property loss and loss of life. More importantly, the simplified field approach and mapping approach allow data to be acquired in a very short period of time and mapping to be performed with minimal cost and effort.
In developing nations that are prone to earthquakes, the approach presented herein is attainable. These methods can be used to create seismic micronozation maps in developing economies around the world. The microzonation maps can then be used to develop seismic hazard maps in those developing nations that do not have the economic capacity to use more expensive methods. For example, this technology can be used in the planning of supply chain corridors in developing nations. By using these methods, long term safety goals can be achieved in the investment of infrastructure that would have otherwise been unattainable due to cost or lack of accessibility to more expensive methods. Also, the development of social infrastructure can be enhanced with this technology, because this technology will allow soil behavior to be predicted, which in turn will allow for the design of safer and more resilient infrastructure with respect to earthquake hazards.
The equipment and methods presented herein have already been transferred to Haiti Engineering, a humanitarian engineering group in Haiti, so that they can perform testing and develop design ground shaking parameters themselves. 5 The project that led to the donation of equipment to Haiti Engineering was sponsored by Geoscientists without Borders and also included the development of a step-by-step user's manual. This manual is available by request from the Author. This manual, along with about $8,000 of equipment, will provide new users in developing nations with an "out-of-the-box" solution that they can use to perform testing and develop their own microzonation maps anywhere in the world. This will ultimately help geoscientists and governments in these nations to reduce property loss and loss of life due to earthquakes. By using this tool in the planning of all infrastructure that is prone to seismic hazards, the protection of life, property and the environment will be enhanced. The overall impact is infrastructure that is resilient and sustainable.
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